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Abstract 

Recent research suggests that drawing activities can help students learn concepts in the 
science, technology, engineering, and mathematics (STEM) disciplines. In particular, 
drawing activities, which mimic the practices of STEM professionals, can help stu- 
dents engage with visual-spatial content. However, prior work has also shown that 
students struggle to learn from drawing activities. One major issue is that the learning 
processes underlying the effects of drawing activities are mostly unknown, and there- 
fore, it is unclear how best to design effective drawing activities in STEM learning 
environments. To address this gap, our review of prior research investigates which 
learning processes may explain how drawing activities facilitate learning of STEM 
content. Specifically, we reviewed prior research across cognitive and sociocultural 
theoretical perspectives. We identified six learning processes fostered by drawing 
activities. Each learning process describes how drawing can change the way students 
interact with the content. Our review shows how instructional support for drawing 
activities that targets each learning process can enhance learning. Our findings have 
theoretical implications regarding how drawing activities have been studied and yield 
open questions about the mechanisms accounting for the effects of drawing activities 
on students’ learning in STEM disciplines. Further, our findings suggest practical 
recommendations on how to effectively implement drawing activities that help students 
learn STEM content. 
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Introduction 


Professionals in the science, technology, engineering, and mathematics (STEM) disci- 
plines often draw to reason and communicate about visual-spatial content (Arcavi 2003; 
Goldschmidt 1994). Drawing helps STEM professionals make sense of complex and 
abstract content because it allows them to externalize their thinking, make new infer- 
ences based on their drawings, and modify their drawings to examine new ideas 
(Arcavi 2003; Fish and Scrivener 2007; Goldschmidt 2003). Scientists have attributed 
the discovery of concepts such as magnetic fields and DNA structure to the process of 
drawing (Evagorou et al. 2015; Latour 1990; Palmer 1978). Thus, drawing practices are 
prevalent and are considered to be an important professional practice (Brew et al. 2012; 
National Research Council 2012b). 

Similar to STEM professionals, STEM students may use drawing as a learning strategy 
to improve their understanding of visual-spatial content in STEM (Ainsworth et al. 2011; 
Fan 2015; Quillin and Thomas 2015). Recently, researchers have argued for the inclusion 
of more drawing activities alongside activities that focus on reading, writing, and 
speaking to align instructional practices with professional practices (Ainsworth et al. 
2011; Cheng and Gilbert 2009; National Research Council 2012b). Traditionally, instruc- 
tional practices in STEM have primarily focused on providing pre-generated visual- 
spatial representations to students in instructional materials such as lectures and practice 
problems (Rau 2017; Tippett 2016), but have rarely helped students construct their own 
drawings to learn content (Cox 1999; Van Meter and Garner 2005). Hence, students may 
not develop adequate drawing skills and meta-representational competencies, which 
describe the capacity to choose, construct, and use visual representations in relation to 
the task-relevant content they depict (Acevedo Nistal et al. 2012; diSessa 2004; diSessa 
and Sherin 2000; Hegarty 2012). The underdevelopment of such skills may hinder 
students’ ability to learn through drawing. Indeed, prior research on student-constructed 
drawing activities has shown that students do not always benefit from drawing activities 
(Ainsworth et al. 2016; De Bock et al. 2003; Leutner et al. 2009). 

To help students learn from drawing activities, we must understand through which 
learning processes drawing activities can affect learning outcomes (Lobato et al. 2014; 
Tippett 2016). Our review shows that separate lines of research have investigated drawing 
activities based on different theoretical perspectives (Davatzes et al. 2018; Leutner and 
Schmeck 2014; Prain and Tytler 2012; Van Meter and Garner 2005). For instance, 
drawing activities from the cognitive perspective may engage students in organizing 
and integrating relevant visual-spatial features, while drawing activities from the socio- 
cultural perspective may engage students in discourse with their STEM community. 
Drawing activities from different perspectives have addressed a variety of goals, such 
as translating scientific texts, increasing interest in STEM, enhancing observation 
skills, and representing complex phenomena (Ainsworth et al. 2011; Quillin and 
Thomas 2015; Van Meter and Garner 2005). To the best of our knowledge, prior 
research has not synthesized different lines of work on how drawing activities engage 
students in particular learning processes that enhance learning outcomes. The lack of 
synthesis has resulted in a lack of recommendations for effective designs of drawing 
activities. 

To address these gaps, we review prior research to investigate: What are the learning 
processes that drawing activities foster in order to enhance learning of STEM content 
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knowledge? This review will help close gaps in prior research on drawing activities for 
students and provide recommendations for effective instructional designs of drawing activities. 

Our review first focuses on literature concerning learning processes and learning 
outcomes that drawing activities have been shown to enhance. We identified six 
distinct /earning processes that explain how drawing activities enhance /Jearning 
outcomes. The learning processes engage students with STEM content in particular 
ways to help students achieve specific types of learning outcomes. Organizing our 
review along the six learning processes allows us to suggest practical guidance for 
instructors to design drawing activities using a “backward design” approach. This 
allows instructors to identify specific learning outcomes and then design drawing 
activities that engage students in the learning processes that best match the targeted 
outcomes. Therefore, we summarize recommendations for instructional design in 
relation to the learning outcomes that instructors may want to promote. Finally, we 
conclude by discussing open questions about the potential effects of drawing activities 
and implications for future research. 

Because our goal is to synthesize across prior literature on how drawing activities 
help students learn STEM content knowledge, we limit our review of the research in 
the following ways. First, we focus on the specific affordances of drawing activities 
and hence include studies that focus on drawings fully or mostly generated by 
students who are learning the content, not by instructors. These include studies in 
which students generate their own images on a blank page or “assemble” images by 
using components that they cut-and-paste or drag-and-drop. However, we do not 
include studies that focus on interpreting pre-generated drawings as the main learning 
outcome. Second, we focus on STEM content knowledge as the main learning 
outcome and thus exclude studies focused on non-cognitive outcomes (e.g., motiva- 
tion, creativity, attitudes) or skill-based outcomes (e.g., laboratory skills). We also 
exclude studies that examine how students learn drawing skills or motor processes 
without a goal to enhance content knowledge. Third, we focus on learning of visual- 
spatial content in STEM and therefore include drawing activities that involve a visual- 
spatial depiction that resembles or represents an object, phenomenon, or concept in 
STEM. We do not include studies that exclusively focus on symbolic manipulation or 
diagrammatic depictions of concepts and relationships such as concept maps and schematic 
graphs. Fourth, we include research on drawing activities that may be used as an independent or 
supplemental activity within a learning environment. Finally, we include studies with students 
of all ages to examine possible learning processes for all students. 

To identify these studies, we searched research databases for relevant articles 
published in journals and books, including ERIC, EBSCO, and PsychINFO, and 
GoogleScholar using the keywords: (“draw*” “sketch*”) with (“learning” “instruction” 
“content knowledge”) and with (“STEM” “science” “math*” “engineering” 
“technology”). In addition, we reviewed published and unpublished proceedings of 
relevant conferences, including the European Association for Research on Learning 
and Instruction (EARLI), the American Education Research Association (AERA), the 
International Conference of the Learning Sciences (ICLS), the International Conference 
on Computer Supported Collaborative Learning (CSCL), and the Annual Meeting of 
the Cognitive Science Society (CogSci). Finally, we used the “snowball” method in 
which we reviewed articles cited in the reference sections of relevant articles as well as 
citation lists of relevant articles on GoogleScholar (Greenhalgh and Peacock 2005). 
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Six Learning Processes Underlying How Students Learn STEM Content 
Through Drawing 


Our review identified six distinct learning processes that emerged from different lines 
of research across the cognitive and sociocultural theoretical perspectives (Nathan and 
Sawyer 2014). As illustrated in Fig. 1, we consider this research to lie on a continuum 
that focuses on different learning goals, in which drawing activities serve as a cognitive 
tool to help students think and make sense of visual-spatial concepts or a sociocultural 
tool to engage in disciplinary discourse. Our review of cognitive research identified 
four learning processes that are fostered by drawing activities: (1) generative learning, 
(2) self-regulation, (3) mental model integration, and (4) spatial cognition. Our review 
of sociocultural research identified two additional processes: (5) mediated discourse and 
(6) disciplinary practices. 

In Fig. 1, we categorize the six learning processes by theoretical perspective and depict 
them as separate circles that build on one another. The separate circles reflect the fact that 
separate lines of research have investigated each learning process. Consequently, each 
process corresponds to different ways in which drawing activities engage students with 
content. Hence, we review prior research on each of the six learning processes and their 
respective learning outcomes in six separate subsections below. 

Although separate lines of research have focused on six distinct learning processes, 
we propose that the processes are interrelated such that processes build on one 
another as illustrated by the “stacked” format in Fig. 1. We consider the processes 
with wider circles at the base as broader because they map to broader instructional 
goals, whereas the processes with narrower circles at the top are more specific in the 
sense that they map to more specific instructional goals. The stacked circles illustrate 
a major finding from our review, namely that engaging in more specific learning 
processes also engages students in the broader processes below it. We discuss the 
relationships between the processes in detail at the end of this section. There, we 
synthesize prior research across the different learning processes and discuss how they 
may build on one another. This synthesis then provides insight into how best to 
design drawing activities to focus on specific instructional goals, which we discuss in 
detail thereafter. 


Theoretical Perspective Learning Processes Learning Outcomes 
to enhance... 
mental = disciplinary 
models drawings discourse 
2 
: 3 x 
Sociocultural = 
=| 
I x x 
in i i x x 
Cognitive Mental model integration 


Self-regulation 


Broad goals 


Generative Learning 


Fig. 1 Six learning processes categorized by theoretical perspectives and organized in stacked circles that 
illustrate a focus from broad to specific instructional goals. Each learning process enhances different types of 
learning outcomes, organized by their focus on mental models, drawings, and disciplinary discourse 
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Cognitive Processes 


From a cognitive perspective, drawing is an instructional activity that can help students 
internally make sense of content (Chi and Wylie 2014; Leutner and Schmeck 2014; Van 
Meter and Firetto 2013). Drawing activities engage students with to-be-learned content to help 
them actively reason about the content (generative learning), focus their interactions with the 
content on difficult concepts (self-regulation), integrate content with their prior knowledge 
(mental model integration), and reflect on content shown in their drawings (spatial cognition). 
Through these processes, drawing activities allow students to manage, organize, and explore 
the to-be-learned content (Fan 2015; Jonassen 2003). 


Generative Learning At a broad level, cognitive studies on drawing build on generative 
theories of learning (Osborne and Wittrock 1983), which suggest that drawing activities 
enhance learning by increasing students’ active engagement with content (Fiorella and 
Mayer 2015). For instance, the ICAP framework (Wylie and Chi 2014) suggests that learning 
increases as students engage more actively with the content. The ICAP framework considers 
drawing activities to be active if students construct a drawing without engaging with content or 
their prior knowledge (e.g., through copying an image). Drawing activities are more effective 
if they are constructive; that is, if students use drawing to build knowledge by integrating their 
prior knowledge with externally presented information. Experiments show that students who 
constructively generate their own drawings outperform students who actively trace or copy 
images (Gagnier et al. 2016; Mason et al. 2013). When compared to other constructive 
activities (e.g., summarizing text, interpreting illustrations), drawing activities have often been 
found to yield enhanced or comparable learning outcomes (Fiorella and Mayer 2015; Leopold 
and Leutner 2012), although one study found drawing to be less effective than summarizing 
scientific text (Leutner et al. 2009). Little prior work has compared the effects of drawing to 
other constructive activities that ask students to engage in physical movements (e.g., gesturing, 
manipulating objects) (Fiorella and Zhang 2018). 

An advantage of drawing activities, like many other constructive activities, is that they can 
enhance learning of complex knowledge. Studies show that higher-order assessments of 
complex knowledge are more sensitive to students’ conceptual learning gains than assessments 
of simple knowledge (Gadgil et al. 2012; Leutner and Schmeck 2014; Van Meter et al. 2006). 
Additionally, a few studies have shown that drawing can enhance long-term retention, even 
when accounting for the increased instructional time required for students to construct their 
own drawings (Authors 2018; Mason et al. 2013). These effects are likely a result of the 
increased mental effort involved in constructive engagement with the content (Sweller 2010). 

Like many constructive activities, drawing activities also bear the risk of cognitive 
overload if they increase mental effort to an extent that hinders students from construc- 
tively engaging with the content (Schmidgall et al. 2018; Schwamborn et al. 2011). 
Studies suggest that drawing activities increase the perceived difficulty and mental effort 
of the task, which can interfere with students’ learning (Schmeck et al. 2014; Schwamborn 
et al. 2011). Compared to activities that ask students to examine images or imagine the 
content, drawing activities have been shown to increase cognitive load to an extent that 
can exceed students’ cognitive capabilities to learn the content (Leutner et al. 2009; 
Schmeck et al. 2014; Schwamborn et al. 2011). While increased mental effort can have 
positive effects if it results from deeper sense making of the content, it can also have 
negative effects if it results in cognitive overload. 
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Thus far, most generative learning research focuses on how drawing activities help students 
learn from scientific texts, based on the generative theory of drawing construction (GTDC), 
proposed by Van Meter and Garner (2005). This process emerges from research on multimedia 
learning and builds on the dual-coding theory that describes how students integrate visual and 
verbal information into their mental models to learn content (Mayer 2009; Schnotz 2014). 
Hence, the GTDC proposes that students translate verbal scientific texts into drawings in three 
stages. First, students select relevant information from the text to include in the drawing. Next, 
they organize this information spatially. Then, they integrate multiple pieces of information 
into a coherent picture. For instance, to understand a text about the structure of the human 
heart, students identify which features of the heart to draw, organize the chambers of the heart 
in relation to one another, and integrate the information to show the connected chambers of the 
heart. Numerous studies and literature reviews based on the GIDC have documented that 
drawing activities engage students in these stages, which allows them to learn visual-spatial 
information that is verbally presented in scientific texts (Leutner and Schmeck 2014; Van 
Meter and Garner 2005). In addition, this research shows that drawing activities can increase 
the accuracy and quality of drawings that students construct during the activities or enhance 
performance on pre-post drawing tests (Schmeck et al. 2014; Schmidgall et al. 2018). Further, 
students with higher quality drawings tend to show enhanced performance on other learning 
outcome tests (Leutner and Schmeck 2014; Van Meter and Garner 2005). 

In sum, research on generative learning suggests that drawing activities enhance 
learning if they increase students’ constructive engagement with content, for instance 
through translating content from scientific texts. The broad focus on how drawing 
activities can more deeply engage students with content by drawing is an important goal 
in each of the following processes. 


Self-Regulation Recent cognitive research focuses on self-regulation and metacognitive pro- 
cesses that describe how students use drawing to regulate their engagement with content. 
Research on these processes considers students’ judgments of learning and behaviors that 
affect how they subsequently engage with content and drawing activities (Lajoie 2008; Schraw 
et al. 2006). Hence, this research does not primarily focus on students’ learning of the content, 
but puts a stronger emphasis on how students navigate the content by drawing. Thus far, most 
research on self-regulation is fairly new, and there are two different views on whether and how 
drawing activities facilitate self-regulation processes. 

First, prior work suggests that drawing activities enhance self-regulation processes by 
helping students self-assess and reflect on how well they understand the content (Authors 
2018; Schleinschok et al. 2017; Van Meter and Firetto 2013; Zhang and Linn 2011). This view 
suggests that drawing allows students to regulate how they engage with content more 
effectively and efficiently. Studies have shown that drawing activities help students externalize 
and self-assess their understanding, which in turn directs their attention to learning the content 
(Nyachwaya et al. 2011; Schmidgall et al. 2018; Van Meter 2001). For example, a recent eye- 
tracking study showed that drawing activities help students direct their eye gaze to the 
conceptually relevant parts of the content presented in text and transition more frequently 
between the relevant content and their drawing, when compared to activities that provide 
images or ask students to summarize (Hellenbrand 2018). 

In line with this work, a revised version of the GTDC, the cognitive theory of drawing 
construction (CTDC; Van Meter and Firetto 2013), accounts for self-regulation by building on 
the frameworks for self-regulated learning (Winne and Hadwin 1998) and for integrated text 
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and picture comprehension (Schnotz 2002, 2005, 2014). The CTDC additionally considers 
students’ learning goals in three stages. First, students set a goal based on the drawing task. 
Second, they translate the verbal text to visual information by selecting, organizing, and 
integrating text as described in the GTDC above. Finally, they monitor progress toward their 
learning goals by using visual information from the drawing to assess their understanding of 
the verbal information and revise the drawing as needed. This iterative process engages self- 
regulation processes in which students p/an what content to draw, monitor changes to their 
understanding of the content, and evaluate their drawings to reflect these changes, as described 
in the self-regulated learning model (Winne and Hadwin 1998). 

Second, other recent work suggests that self-regulation processes may be a prerequisite to 
students’ benefit from drawing activities. This view suggests that differences in self-regulation 
processes may better explain how students engage with content, compared to mental effort 
from generative learning. A study found that drawing activities helped undergraduate students 
determine what part of a text they needed to study in depth and that this monitoring predicted 
posttest performance more so than cognitive load (Schleinschok et al. 2017). This work 
suggests that students do not effectively engage in self-regulation but struggle to manage 
how they draw content, which can hinder their learning outcomes (Schleinschok et al. 2017). 
Particularly, drawing activities have been shown to be difficult for novice students with low 
prior knowledge or who do not know how to use their drawing to engage with the content (Wu 
et al. 2019; Lin et al. 2016). However, even though this view suggests that students may 
benefit more from drawing if they receive self-regulation training, one experiment shows that 
drawing activities with a self-regulation training to monitor students’ comprehension of 
content was not more effective than drawing activities without this training (Leopold and 
Leutner 2015). 

The two views suggest that self-regulation processes may build on generative learning 
processes and play a key role in how students engage with content. The CTDC is the first 
attempt to synthesize across the two processes and specify how self-regulation may subsume 
generative learning. Because most research in self-regulation is fairly recent, more research 
should investigate to what extent drawing activities foster self-regulation or assume some level 
of self-regulation skills. 

In sum, self-regulation research suggests that drawing activities may help students learn by 
focusing on the concepts that they least understand and self-regulate how they draw. However, 
students may also struggle to engage in self-regulation processes. The existing research on 
self-regulation in the context of drawing activities is relatively new. Yet, the focus on self- 
assessment and reflection may help students engage with their mental models and drawings, as 
discussed in mental model integration. 


Mental Model Integration Another related line of cognitive research, conceptual change, 
focuses on mental model integration, which describes how drawing can help students integrate 
new knowledge into their mental models (Gan 2007; Vosniadou 1994). These studies consider 
mental models as coherent structures that include both descriptive propositions of conceptually 
relevant features and depictive structural relations between propositions (Chi 2008; Schnotz 
2014; Vosniadou 1994). Considering whether students’ mental models are coherent is impor- 
tant because students can often generate correct statements (e.g., “the Earth is round”), even 
though they have incorrect mental models, or misconceptions (e.g., Earth as a flat disk) 
(Vosniadou and Brewer 1992). Misconceptions can become apparent when students are asked 
to draw their mental models (Harle and Towns 2013; Vosniadou and Brewer 1992). Studies 
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have shown that students’ initial drawings are often inaccurate, incomplete, or structurally 
incoherent, even if students are able to correctly answer multiple-choice questions about the 
same topic (Harle and Towns 2013; Nyachwaya et al. 2011). Interview studies in which 
students draw and discuss their drawings have shown gaps and inaccuracies in their mental 
models because students often learn content by memorizing declarative statements or algo- 
rithms (Cooper et al. 2013; Nyachwaya et al. 2014; Papaphotis and Tsaparlis 2008). 

This line of research focuses on addressing gaps in students’ mental models by integrating 
new content into them. Prior research shows that drawing activities can help students engage 
deeply with content to develop more sophisticated mental models that align with content and 
incorporate their prior knowledge (Leopold and Leutner 2012; Wang and Barrow 2011). Such 
effects may not be immediately visible but may be measured on delayed posttests (Authors 
2018; Scheiter et al. 2017b). 

To integrate content into their mental models, our review of prior research suggests that 
students engage in both generative learning and self-regulation processes. First, mental model 
integration seems to build on generative learning processes (Jonassen et al. 2005). When 
students draw, they activate their mental models by selecting relevant features and organizing 
them in an external, coherent structure (Scheiter et al. 2017a). The external structure helps 
students encode and integrate new content to their prior mental models (Kirsh 2010; Valanides 
et al. 2013). As a result, students may expand and revise their mental models (Duit and 
Treagust 2008; Vosniadou 1994). 

Second, conceptual change research also suggests that, to successfully integrate new 
concepts into mental models, students engage in effortful se/f-regulation processes to self- 
assess and change their mental models (Vosniadou 2003). When students activate their mental 
models, they assess whether their mental models align with the content (Vosniadou and Brewer 
1992). If mental models do not align, students use one of two processes to integrate new 
content into their mental models (Chi 2008; Vosniadou 1994). First, enrichment processes 
allow students to add new information to incomplete mental models (Vosniadou 1994). To do 
so, students need to identify gaps in their mental models and then add missing features to fill 
these gaps. Second, transformation processes allow students to change their mental models if 
they conflict with new content. In this case, students may have a mental model that does not 
meet scientific standards but holds true by a robust set of internal rules (e.g., young children 
may conceptualize the round earth as a flat disk to maintain their perception that the world is 
flat) (Vosniadou and Brewer 1992). Studies show that prompting students to compare their 
mental models to content can help them identify and resolve conflicting mental models 
(Valanides et al. 2013; Vosniadou 1994), 

In sum, research on mental model integration suggests that drawing activities can help 
students activate their mental models and integrate new content into them. Mental model 
integration seems to build on generative learning and self-regulation processes to help students 
engage with their mental models. Additionally, mental model integration focuses students on 
content shown in their drawings as an external assessment and learning tool, which is 
emphasized in the following processes. 


Spatial Cognition Another line of cognitive research on drawing activities focuses on spatial 
cognition, which examines how students learn concepts through constructing and interpreting 
visual-spatial cues in their drawings (Authors 2018; Bobek and Tversky 2014; Cheng and 
Gilbert 2009). This work considers drawing as a visual language in which visual-spatial cues 
depicted in drawings convey meaning and guide students’ thinking (Kavakli and Gero 2001; 
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Tversky 2011). In contrast to other cognitive research that primarily focuses on engagement 
with content or mental models, research on spatial cognition considers how students engage 
with drawing both as a process and a product from which they can interpret, transform, and 
relate visual features (Suwa et al. 2001; Tversky 2011). 

Prior research on spatial cognition suggests that drawing activities can help students make 
sense of concepts via bottom-up and top-down visual-spatial processes (Schwartz and Heiser 
2006; Tversky 2011). Generally, when students are provided with visual representations, they 
use bottom-up processes when intuitive, salient cues (e.g., arrows, colors) help them identify 
relevant visual-spatial features (Tversky 2011). For example, in an unfamiliar protein model 
with purple and green sections, students can identify that the purple and green sections likely 
indicate different categories. Similarly, bottom-up processes are involved when students draw 
visual features and use cues, such as proximity, direction, and magnitude, to make inferences 
about the relation between the depicted features (Latour 1990; Suwa et al. 2001). Students use 
top-down processes when their prior knowledge about concepts helps them identify relevant 
visual-spatial features (Suwa et al. 2001; Tversky 2011). Similarly, when students draw, they 
use top-down processes when they use their prior knowledge to generate visual-spatial features 
(Bobek and Tversky 2014; Suwa et al. 2001). For instance, they may use their knowledge 
about spatial conventions (e.g., enclosed lines as boundaries, up is more) and disciplinary 
conventions (e.g., red indicates hot and blue indicates cold) to identify hot and cold boundaries 
in a map of the weather conditions. Further, students use top-down processes to map 
relationships from other content to those in their drawing (e.g., planets rotate around the sun 
— electrons rotate around the nucleus) (Gentner and Markman 1997). 

This line of research considers how students make sense of conceptually relevant visual 
cues, or in particular, structural relations that describe how cues relate to one another (Gobert 
and Clement 1999; Scheiter et al. 2017a; Van Meter et al. 2006). When depicting structural 
relations in their drawings, students have to externalize their mental models and self-assess 
their understanding of the STEM content as a whole (Hegarty 2004; Nyachwaya et al. 2011). 
While verbal descriptions allow students to vaguely describe relationships among concepts 
(e.g., “electrons surround the nucleus”), drawing requires them to explicitly depict structural 
relations (e.g., they can show electrons as clustered in “petals” outside the nucleus or in rings 
circling the nucleus) (Anning 1999; Vosniadou and Brewer 1992). Further, drawing can 
amplify mental models by helping students “fill in” details that may be ambiguous in the 
mind (Fish and Scrivener 2007). Hence, both the process and product of drawing 
activities can help students make sense of how concepts relate to visual cues and identify 
new structural relations between visual cues (Gobert and Clement 1999; Scheiter et al. 
2017a; Van Meter et al. 2006). 

Drawing activities have been shown to enhance learning outcomes with respect to four 
types of structural relations: visual, spatial, causal, and temporal. Visual relations typically 
depict the shape or aesthetic of features (e.g., non-symmetrical and rounded edges of the 
human heart). Spatial relations describe the relative orientation and distance among features 
(e.g., electrons are located outside of the nucleus). Causal relations show how features affect 
one another (e.g., the piston of a bike pump pushes air into a chamber). Temporal relations 
show changes in features over time (e.g., magma turns into lava). Prior research shows that 
drawing activities can help students learn structural relations in a variety of STEM content, 
including the human heart, molecular chemical reactions, phases of the moon, and a virus on 
the immune system (Ainsworth et al. 2016; Leutner and Schmeck 2014; Parnafes et al. 2012; 
Zhang and Linn 2011). However, prior work has not systematically tested the effects between 
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different types of structural relations. Spatial cognition research has primarily focused on how 
drawing activities help students learn visual and spatial relations. For example, a study 
prompted students to draw, mentally visualize, or copy visual representations of spatial 
relations among geological layers (Gagnier et al. 2016). Students who drew outperformed the 
other students because drawing helped them organize spatial relations among geological layers. 
By contrast, generative learning has primarily focused on causal and temporal relations in 
scientific texts, which organize concepts by time and sequence. This work shows that drawing 
activities are less or equally effective as higher-order text-based strategies (e.g., self-explanation, 
summarization) (Fiorella and Mayer 2015; Gobert 2005; Ploetzner and Fillisch 2017). 

As a further outcome, research on spatial cognition suggests that drawing activities help 
students develop meta-representational competencies through the process of constructing and 
identifying structural relations in drawings (Day and Goldstone 2012; diSessa 2004). Quali- 
tative studies of students’ drawings have shown that they have naive intuitions about how to 
reason with drawings (diSessa 2004; diSessa and Sherin 2000). For example, primary-school 
children have been shown to draw relevant features and scientifically analyze their drawings 
for parsimony and explanatory power, which helped them refine their naive ideas about motion 
(diSessa et al. 1991; diSessa and Sherin 2000). Prior research suggests that drawing activities 
can help students develop their meta-representational competencies, if they help students 
engage in specific bottom-up or top-down processes to depict content (Day and Goldstone 
2012; diSessa 2004). 

In sum, research on spatial cognition suggests that drawing activities can help students learn 
content when students identify relevant structural relations in drawings via top-down and 
bottom-up processes. Spatial cognition relies on other cognitive processes because it engages 
students’ mental models and builds upon their prior experience with visual representations. 
These processes then help students engage in sociocultural processes in which they participate 
in disciplinary discourse through constructing and interpreting drawings with their STEM 
community. 


Sociocultural Processes 


From a sociocultural perspective, drawing is an activity that mediates students’ meaning 
making of content when they participate in the discourse of the given STEM discipline. 
Generally, this perspective considers drawing as a tool to communicate with others in the 
environment (mediated discourse) and to develop ways of thinking appropriate to the disci- 
pline (disciplinary practice). Such interactions with drawings mediate students’ learning of 
relevant disciplinary discourse and facilitate students’ enculturation into STEM communities. 
Note that sociocultural perspectives do not strictly distinguish processes and outcomes. Rather, 
they consider the ability to engage in the learning process as a learning outcome. For instance, 
mediated discourse describes students’ participation in discourse as the process and the ability 
to participate in discourse as a desired learning outcome. 

Sociocultural research typically considers a multitude of learning goals which shape how 
students learn content through drawing. Prain and Tytler’s (2012) Representational Construc- 
tion Affordances (RCA) framework accounts for the variation in this research. The RCA 
framework defines three sociocultural factors that productively constrain how drawing activ- 
ities mediate students’ discourse and meaning making of content. First, semiotic tools constrain 
how students draw content via physical tools (e.g., paper and pencil), resources (e.g., peers), 
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and conventions (e.g., O symbol for oxygen). These constraints encourage specific ways of 
drawing to represent the content and help students learn how to draw in accordance with 
specific disciplinary discourses. Second, epistemic practices constrain how students engage in 
STEM disciplinary practices such as knowledge building, inquiry, and problem solving. These 
constraints align with how STEM professionals draw content in their work (e.g., draw possible 
shapes of an antibody to identify how it binds to a virus). Engaging in such authentic practices 
constrains students’ drawing of content in a way that reflects the processes of each disciplinary 
practice. Third, epistemological processes constrain knowledge building through the practice 
of constructing drawings for specific purposes. These constraints ensure that students depict 
specific aspects of STEM content that are appropriate for their STEM environment. In 
choosing and using specific types of representations, students learn how to draw in ways that 
address specific disciplinary goals and challenges. Taken together, the RCA describes how 
these interrelated productive constraints reflect the knowledge and practices in specific STEM 
disciplines such that students learn to draw content in accordance with the goals and paradigms 
of each discipline. 

Our review identified the RCA framework as the first to describe how students learn by 
drawing from a sociocultural perspective. Hence, we used this framework to organize prior 
sociocultural research on drawing activities, which focus on mediated discourse or disciplinary 
practices. Mediated discourse processes primarily account for research on semiotic tools. This 
research involves younger students in pre-kindergarten and primary school and focuses on 
how students draw to communicate about content. Disciplinary practices processes primarily 
account for research on epistemic practices. This research includes students from middle 
school to undergraduates and focuses on how students use drawing as a fool to solve 
disciplinary problems. Although there are similarities between these two lines of research in 
terms of the epistemological processes they consider, we find it useful to distinguish them 
because they have focused on two distinct sets of learning processes and learning outcomes, as 
discussed below. 


Mediated Discourse Sociocultural research on mediated discourse investigates drawing as an 
activity that mediates how students learn to engage in disciplinary discourse. Particularly, 
drawing activities help students reflect on how their drawings communicate visual-spatial 
content in their specific physical and social learning environment (Nathan et al. 2007; White 
and Pea 2011). From this perspective, students’ drawings are considered a public, contextual, 
and developmental reflection of the social goals and context (Brooks 2009; Roth and McGinn 
1998). Over time, engaging in drawing activities helps students communicate content in 
drawings and engage in the disciplinary discourse of their STEM community. 

Research on mediated discourse describes a learning process through which students 
gradually depict content in drawings that conform to the visual language used in specific 
STEM disciplines (Brooks 2009; Enyedy 2005; Prain and Tytler 2012). Students make sense 
of disciplinary conventions and tools for each visual language through an iterative process. 
When students first draw to represent content, they often construct drawings with creative and 
non-conventional features that reflect their naive and internally robust misunderstandings 
(diSessa and Sherin 2000; Stieff et al. 2011). Then, by reflecting on and negotiating their 
drawings with others, students refine drawings to conform to scientific conventions that are 
appropriate for the context, goals, and members of the community (Greeno and Hall 1997; 
Nathan et al. 2007). Over time, this process helps students develop proficiency in using 
disciplinary conventions to explore and communicate about new content. For example, 
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Lehrer and Schauble (2003) found that a class of primary school students who regularly 
engaged in drawing activities were able to investigate and communicate about a novel dataset 
using drawings that align with disciplinary conventions. By contrast, students in another class 
who did not draw regularly focused on surface features of the same dataset without using 
drawing conventions. 

As the main learning outcome, this line of research aims to help students develop sophis- 
ticated drawing practices that align with the historical development of disciplinary discourse in 
the STEM community (Johri et al. 2013; Latour 1986; Nersessian 2008). STEM communities 
adopt disciplinary conventions that help them communicate effectively with others in the given 
discipline (Greeno and Hall 1997). Hence, drawings are effective tools for students’ partici- 
pation in discourse when they are clear, parsimonious, and explanatory representations of the 
content they depict (Greeno and Hall 1997; Nathan et al. 2007). As students draw to participate 
in discourse, they learn drawing practices over time that help them to make epistemological 
choices on what representations to draw as appropriate communication tools in the given 
discipline and context (Berland and Crucet 2015; diSessa 2004). 

Mediated discourse processes seem to build upon spatial cognition processes, but with a 
particular focus on conventions used in specific disciplines. For instance, the epistemological 
drawing practices that result from mediated discourse resemble the development of meta- 
representational competencies. Both processes aim to develop the ability to choose, construct, 
and use drawings that help students learn specific types of content. However, prior work on 
mediated discourse has not focused on how students learn structural relations, and prior work 
on spatial cognition has not focused on students’ participation in discourse using their 
drawings. Future work should investigate whether these processes build upon one another. If 
mediated discourse builds on spatial cognition processes, then this research also builds on the 
other cognitive processes discussed above. 

In sum, research on mediated discourse suggests that drawing activities can help students 
adopt and use disciplinary drawing conventions by participating in discourse within their 
community. These processes seem to build upon cognitive processes but focus on helping 
students make meaning of content shown in their drawings in the context of their prior 
knowledge, resources, and goals of their community. By gaining skills in using drawings, 
mediated discourse then helps students to participate in disciplinary practices. 


Disciplinary Practices Sociocultural research on disciplinary practices investigates drawing as 
a means to engage students with STEM professionals’ epistemic ways of thinking in their 
disciplines. STEM professionals often draw to address specific problems or goals in their 
discipline, such as observing patterns, constructing representations of content, making predic- 
tions, communicating ideas with others, transforming representations, and synthesizing content 
(Cheng and Gilbert 2009; Fan 2015; National Research Council 2012a; Quillin and Thomas 
2015). As part of such practices, professionals draw to explore and reason about the relevant 
content (Arcavi 2003; Latour 1990). Drawing allows them to contribute ideas to the STEM 
fields as a member of the community (Arcavi 2003; Frankel 2005). Hence, STEM instructors 
ask students to participate in similar disciplinary practices, so that students learn to use drawing 
as a tool to enculturate into these practices (Cheng and Gilbert 2009; Evagorou et al. 2015). 
This line of research considers how drawing can engage students in disciplinary practices 
(as learning processes) that characterize students’ ability to engage with content as profes- 
sionals do (as learning outcomes). Our review has identified two primary ways that students 
engage in disciplinary practices: scientific modeling and design practices. Scientific modeling 
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practices are prevalent in the mathematics and science disciplines, while design practices are 
common in the engineering and technology disciplines (de Vere et al. 2011; de Vries 2006; 
Goldschmidt 2014; Snyder 2013). 

Scientific modeling involves constructing representations to simplify, abstract, and examine 
content, which in turn helps students explain, predict, or solve authentic scientific problems in 
the real world (National Research Council 2012b; Schwarz et al. 2009). Drawing activities are 
commonly used to help students model scientific concepts (Ainsworth et al. 2011; Cooper 
et al. 2017). Students may draw to make observations, reason about content, evaluate models, 
and synthesize information (Backhouse et al. 2017; Evagorou et al. 2015; Fan 2015; Quillin 
and Thomas 2015). Prior research suggests that students engage with drawing activities in four 
stages: construction, use, evaluation, and revision (Quillin and Thomas 2015; Schwarz et al. 
2009). These stages emphasize the fact that students do not only focus on constructing 
drawings but also use, evaluate, and revise them in order to solve scientific problems. One 
study showed that prompting students to construct predictive, observational, or reflection 
drawings at different points of an intervention helped students engage in these specific 
scientific modeling practices to learn content (Cooper et al. 2017). 

Similar to scientific modeling, design practices in engineering and technology involve 
constructing and refining representations to solve a disciplinary problem. However, drawing 
activities for design practices invert the process typically involved in scientific modeling (de 
Vries 2006). Instead of shifting from external objects to internal representations (representing 
objects/events in the real world % external representation ~ internal representation) as in 
scientific modeling, drawing activities for design practices involve shifting from internal 
representations to external objects (internal representation ~ external representation > 
objects/events in the real world). When designing to solve a disciplinary problem, students 
first use their internal cognitive, cultural, and social resources to construct drawings of their 
design ideas (Anning 1999; Goldschmidt 2003; Prain and Tytler 2012). Then, students 
combine their creative ideas with external constraints related to STEM content such as 
available resources, structural limitations of the materials used, and physical constraints of 
the real world (de Vries 2006; Purcell and Gero 1998). This process refines students’ ideas by 
providing information on which constraints are not met or how the design can be improved (de 
Vries 2006; Goldschmidt 2003). For instance, when undergraduate engineering students 
attempt to design a desk accessory with a wide pencil cup and post-it holder, a drawing can 
help them determine if both features fit within the allotted specifications. 

Design practices engage professionals and students in iterative cycles of generating and 
revising drawings. Analyses of professionals’ design processes show that designers first search 
for ideas through constructing rapid, manual drawings and then formalize ideas by interpreting 
their own drawings (Fish and Scrivener 2007; Suwa et al. 2001). Each drawing helps designers 
“see” new structural relations and determine how to refine their designs in order to solve their 
design problem (Purcell and Gero 1998). Similarly, drawing activities help students generate 
abstract ideas, interpret visual features depicted in their drawings, and refine drawings to 
transform their ideas into tangible, concrete real-world objects that can solve specific problems 
(de Vere et al. 2011; de Vries 2006). Qualitative studies conducted in STEM classrooms show 
that drawing activities can help students balance multiple design or modeling parameters, 
discuss structural relations in the content, compare designs, and determine how to revise their 
designs to solve their given problems (de Vries 2006; Nichols et al. 2013; Yang 2009). 

Both scientific modeling and design practices consider the development of students’ 
professional drawing practices as an important learning outcome. Specifically, one aspect of 
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this development is students’ ability to transform content between real-world objects and 
internal representations, in accordance with the two types of disciplinary practices described 
above. In scientific modeling practices, students must learn to draw a representative, abstract 
model that conveys conceptually relevant features. Novice students often construct initial 
drawings that resemble the referent and only show concrete features of phenomena (Brooks 
2009; Kozma and Russell 2005). Qualitative analyses of students’ drawings show a progres- 
sion from concrete, object-bound drawings to abstract drawings that represent the referent 
(Brooks 2009; Kozma and Russell 2005; Lehrer and Schauble 2003, 2015; Schwarz et al. 
2009). Students’ later drawings often include less detail and fewer features because students 
actively make choices about what to include and when, as appropriate for the given problem 
and context (Berland and Crucet 2015). In design practices, students must learn to create a 
specific, detailed design that can be built in the real world. Studies of design professionals 
show that they often revise their designs toward better alignment with the content and with 
design constraints (Goldschmidt 2003, 2014). Their designs often shift from abstract to 
concrete as they relate their drawing to the real world (de Vries 2006; Goldschmidt 2003). 
Because prior work on design practices focuses on professionals and expert-level students, it is 
less clear whether the drawings of novice students also shift from abstract to detailed 
representations of content (de Vere et al. 2011; Johri et al. 2013). 

Another important outcome is the development of adaptive expertise in drawing. 
STEM professionals often modify and revise their designs as they relate their drawing 
to the real world, using their expertise in drawing that allows them to rapidly transform 
content for further exploration (Kothiyal et al. 2016; McCracken and Newstetter 2001; 
Verstijnen et al. 1998). Case studies of engineers show that they first transform 
problems into drawings that depict concepts qualitatively or quantitatively and then 
iteratively evaluate and revise transformations through drawing (Kavakli and Gero 
2002; Kothiyal et al. 2016; Ullman et al. 1990). Such drawing skills play a crucial 
role in students’ identity as STEM professionals and ability to contribute to the STEM 
community by using drawing to solve complex, open-ended problems (Arcavi 2003; 
Kothiyal et al. 2016; Kozma et al. 2000). 

Disciplinary practices processes seem to build on mediated discourse processes. 
Particularly, the ability to transform content in drawings and to rapidly revise drawings 
requires the use of disciplinary conventions and other semiotic tools within a discipline. 
However, although the RCA framework has suggested how the processes overlap, the 
processes have been investigated in different lines of research, as discussed above. 
Furthermore, disciplinary practices may build on the cognitive processes. For instance, 
in scientific modeling, the focus on revision and evaluation of models suggests that 
students may activate and self-assess their prior knowledge (as described in mental 
model integration and self-regulation) to (re)construct a coherent model of the content 
(Cooper et al. 2013; Leenaars et al. 2013; Wilkerson-Jerde et al. 2015). Moreover, in 
design practices, students and professionals “see” structural relations in their designs (as 
described in spatial cognition). Hence, disciplinary practices may build on mediated 
discourse and the cognitive processes above. 

In sum, research on disciplinary practices suggests that drawing activities can help students 
engage in specific disciplinary practices used by STEM professionals. Disciplinary practices 
encourage students to use their drawings as tools to transform content and solve disciplinary 
problems. In doing so, students seem to engage in mediated discourse and the cognitive 
processes discussed above. 
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Summary of Six Learning Processes and Their Learning Outcomes 


Our review of the literature on drawing activities identified six distinct learning processes in 
different lines of research across the cognitive and sociocultural theoretical perspectives. Each 
learning process helps students learn conceptual relevant features and structural relations in 
STEM content. However, they each engage students with content in a particular way, such as 
integrating content with mental models, interpreting content depicted in drawings, and 
discussing content through drawing. The separate lines of research on each learning process 
target increasingly specific aspects of the drawing task in order to help students engage with 
and learn the relevant STEM content. 

Yet, in describing each learning process, we found that the processes seem to build 
upon another, such that students engage in multiple learning processes when they engage 
in more specific processes. As shown in Fig. 1, processes may “stack” on top of one 
another such that specific processes rely upon the broad processes below it. We depict 
generative learning as a broad foundational process at the base. Its goal is to help students 
engage more deeply with content through translating and organizing content in a drawing. 
Building upon generative learning, se/f-regulation also helps students to engage with 
content, but further specifies how students self-assess and direct their interactions with 
content. Its goal is to help students reflect on their own understanding and focus their 
attention on relevant content. Building on the prior processes, mental model integration 
helps students engage with new content and integrate it into their mental models. Its goal is 
to engage students with their own mental models and revise them as needed, by activating 
them through generative learning processes and reflecting on them through self-regulation 
processes. Building on the prior processes, spatial cognition engages students with content 
by helping them clarify and identify new structural relations in their drawings. Its goal is to 
help students engage with their drawings as an external representation that reflects 
students’ internal mental models and provides insights into structural relations between 
content. Building on the prior processes, mediated discourse engages students in gener- 
ating, discussing, and interpreting drawings to help them participate in disciplinary 
discourse about the content. Its goal is to help students make meaning of how their STEM 
community represents content in drawings through discussion and negotiation with others. 
The last process, disciplinary practices, builds upon the prior processes to engage students 
in using drawings to solve specific disciplinary problems. Its goal is to help students learn 
how STEM professionals use drawings. Each successive “stacked” process engages 
students in drawing activities that help students achieve more specific learning goals. 

The “stacked” relationship between the learning processes for drawing activities aligns 
with the broader landscape of cognitive and sociocultural research on learning, which 
focuses on different levels of analysis. Nathan and Alibali (2010) describe cognitive 
research as focusing on elemental and fine-grained units of analysis that examine indi- 
vidual elements of a complex system, while sociocultural research focuses on systematic 
and coarser-grained units of analysis that examine entire complex systems. Coarse- 
grained analyses at the systemic level supervene on the elemental components such that 
any change at the systemic level necessitates a change at the elemental level (Sawyer 
2005). The six learning processes we identified from prior research on drawing activities 
suggest that the processes from sociocultural perspectives supervene those from the 
cognitive perspectives. Further, within each perspective, certain processes with specific 
learning goals supervene others with broader goals. The alignment between the drawing 
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literature and broader literature on learning processes suggests that prior research has 
investigated drawing activities with different units of analysis that correspond to the level 
at which they operate. Nevertheless, these processes are interrelated and build upon one 
another as shown in Fig. 1. 


Instructional Design of Drawing Activities 


Because we found considerable overlap in learning processes and outcomes in the previous 
section, we synthesize instructional design recommendations for drawing activities across 
multiple lines of research. Our review suggests that the learning processes and outcomes 
overlap in how they describe students’ engagement with content by focusing on different 
aspects of drawing activities. In line with the different units of analysis, the foci lie on a 
spectrum from internal sense-making of content within students’ mental models to external 
interactions that help students engage with content within the context of their learning 
community. On the end of the spectrum that subsumes generative learning, self-regulation, 
and mental model integration, interventions primarily focus on helping students enhance their 
mental models. Through these processes, students organize and integrate content into their 
mental models by translating content into a drawing and reflecting on their prior knowledge 
with the new content. On the other end of the spectrum that subsumes mediated discourse and 
disciplinary practices, interventions focus on helping students engage in disciplinary dis- 
course. Through these processes, students use drawings to negotiate meaning with others in 
their community as STEM professionals do. In addition, we found that there is considerable 
overlap between perspectives in the middle of the spectrum because mental model integration, 
spatial cognition, and mediated discourse have an additional goal to engage students with their 
drawings. To engage students in these processes, interventions ask students to use drawing as 
an external tool to identify relevant features, make connections between features, and learn 
how to convey content through drawings. Based on these three specific aspects of the drawing 
task focused on mental models, disciplinary discourse, and drawings, we provide specific 
recommendations for instructional design of drawing activities. 


Drawing Activities that Engage Students with Their Mental Models 


Prior research on the cognitive end of the spectrum shown in Fig. 1, particularly generative 
learning, self-regulation, and mental model integration, focuses on helping students build new 
knowledge by enhancing students’ mental models and interactions with content. From this 
work, we identified three recommendations for the design of drawing activities. 

First, research on generative learning suggests that certain types of content and 
instructional support can enhance students’ mental models through drawing. Specifically, 
drawing activities should be paired with multimedia or complex visual-spatial content so 
that students constructively engage with the content, rather than actively (Chi and Wylie 
2014). Many prior studies show that drawing activities can increase students’ constructive 
engagement with content. For instance, drawing activities can prompt students to trans- 
form verbal text into visual-spatial drawings (Leutner and Schmeck 2014; Van Meter and 
Garner 2005), synthesize information across multiple pieces of content while they draw 
(Danish and Saleh 2014), or ask students to invent new ways of drawing to represent 
content (Glogger-Frey et al. 2015; Schwartz and Martin 1988). 
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However, because constructive engagement bears the risk of cognitive overload, instruction 
should reduce cognitive demands to help students focus on the targeted content (Leutner and 
Schmeck 2014; Van Meter and Garner 2005). Instructional support may reduce the risks of 
cognitive overload by removing extraneous details from the content, for instance, by reducing 
information about the context or aesthetic features. Much prior research has investigated 
instructional supports such as cutouts or a bank of features that students can cut-and-paste 
so that students do not focus on aesthetics of the drawing, but rather on the synthesis of how 
the features function and relate to one another (Schwamborn et al. 2011; Van Meter et al. 
2006). However, such instructional support must not relieve students of the task of construct- 
ing content and making inferences, so that students still constructively engage with the content 
(Chi and Wylie 2014; Cromley et al. 2013). Many experiments show that drawing activities are 
not effective if students merely become active in copying visual images (Gagnier et al. 2016; 
Mason et al. 2013). For example, Mason et al. (2013) compared 7th grade students who were 
asked to draw phases of motion shown in an animation, to trace pictures of the phases, or not 
draw. They found that students asked to draw outperformed the other students on a test 
immediately after instruction and on a delayed test 2 months later. 

Second, research on mental model integration suggests that drawing activities should help 
students (1) activate their mental models and (2) compare them to the content. Students’ 
mental models often incorporate misconceptions that involve misapplying rules and heuristics 
(Cooper et al. 2010). Therefore, students need opportunities to explain and (re)construct 
understandings so that they identify incomplete or conflicting mental models (Cooper et al. 
2013; Nyachwaya et al. 2011). To help students address misconceptions, instructional support 
should focus students on the relations between their own mental models and new content 
(Cooper et al. 2017; Duit and Treagust 2008; Vosniadou 1994). While many studies have used 
interviews with individual students to engage them in mental model integration, few studies 
have systematically investigated how best to design drawing activities to help students 
externalize their own mental models and integrate new content into them (Duit and Treagust 
2008). We found one experiment that showed, for students who drew inaccurate mental 
models, prompting them to compare an expert drawing to a pre-constructed flawed drawing 
that matched their inaccurate mental model was more effective than prompting them to explain 
the expert drawing (Gadgil et al. 2012). This work suggests that simply providing an expert 
mental model may be insufficient. Students need to activate their own mental model and 
compare their flawed model to an expert model, or else they may not integrate new content 
into their mental model. Furthermore, some prior work suggests that if students are prompted 
to draw without engaging with an expert model, they may activate and reinforce their initial 
mental models, which are often inaccurate (Vosniadou and Brewer 1992). 

Third, to help students engage deeply with content and mental models, research on self- 
regulation suggests that drawing activities should be provided alongside instructional activities 
to help students direct their engagement with content. For example, Zhang and Linn (2011) 
compared middle school students who were asked to draw while using a simulation of 
molecular reactions to students who received additional time with the simulation. Students 
who were asked to draw interacted more with their peers and with the simulation and, as a 
result, generated more inferences that showed more sophisticated understanding of the content. 
Providing drawing activities likely helps students determine what they do not yet understand in 
the simulation and engage with these concepts when drawing and discussing content with 
peers. When content is provided with drawing activities, instructional support should provide 
feedback to help students self-assess their progress in relation to content (Van Meter 2001; Van 
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Meter et al. 2006). For example, students may copy from the instructional materials to get the 
right answer instead of drawing to self-assess their own knowledge and reflecting on the 
content they do not yet understand. To address this issue, instructional support can provide 
continuous feedback on students’ drawings or prompts to reflect on drawings. Precise, timely 
feedback on drawings has been shown to help students self-regulate their interactions with 
content in many prior studies (Sins et al. 2005; Van Meter and Garner 2005). 

In sum, drawing activities that focus on mental models should engage students in organiz- 
ing, self-regulating, and integrating content in relation to their (flawed) mental models. 
Instructional support should help students reflect on their own mental models and self- 
regulate their interactions with instructional content throughout the drawing task so that they 
engage deeply with the targeted content and revise their flawed models to align with content. 


Drawing Activities that Engage Students with Disciplinary Discourse 


On the sociocultural end of the spectrum, research on mediated discourse and disciplinary 
practices focuses on how students learn content by engaging in disciplinary discourse with 
their community through their drawings. From this work, we identified two recommendations 
for the design of drawing activities. 

First, drawing activities should help students participate in the disciplinary discourse of 
their community. For instance, instructional designs of drawing activities can ask students 
to invent and revise conventions, in line with the historical development of conventions in 
the discipline (diSessa 2004). As mentioned above, students’ initial drawings may use 
conventions that reflect their naive and internally robust misunderstandings (diSessa and 
Sherin 2000; Stieff et al. 2011). Then, as students share and discuss their drawings with 
peers or instructors, they revise drawings to be more clear and explanatory (Lehrer and 
Schauble 2003; Nathan et al. 2007). Instructors can support this process by allotting class 
time for invention and revision as well as providing feedback on drawings to guide 
students toward adopting disciplinary conventions (Danish and Saleh 2014; diSessa 
et al. 1991; Wilkerson-Jerde et al. 2015). Multiple studies recommend incorporating these 
recommendations in two phases (Danish and Saleh 2014; Parnafes et al. 2012). First, in an 
open drawing phase, students construct drawings to engage with the content individually. 
Second, in a collaborative drawing phase, students discuss their drawings to refine their 
understanding. For example, Parnafes and colleagues showed that 4th—8th grade students 
can learn about moon phases by first individually constructing drawings about what they 
observe and then collaboratively revising them to understand the underlying concept of 
reflecting visible sunlight (Parnafes 2010; Parnafes et al. 2012). 

Second, drawing activities should target specific disciplinary goals that focus on drawing at 
the service of communicating with the community or solving a STEM problem, rather than 
focusing primarily on the construction of drawings. When solving a problem, STEM profes- 
sionals do not solely focus on drawing, but also on defining the problem, gathering informa- 
tion, evaluating possible models or designs, and revising their solutions (Atman et al. 2007; 
Kothiyal et al. 2016). They use drawings flexibly as thinking tools that allow them to engage in 
problem solving with models or designs. In contrast, students tend to focus on the aesthetic and 
structure of their drawings, rather than the function and behavior that the drawing conveys (de 
Vries 2006). If drawing activities simply ask students to draw content, they may focus on 
constructing drawings without understanding how to use the drawings to learn the content and 
solve the underlying problem. In one classroom study, middle school students who were asked 
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to construct drawings of fractal geometric shapes and share them with their classmates spent 
most of their time constructing drawings because they were inspired by others’ designs 
(Wilkerson-Jerde 2014). However, the time spent on constructing drawings left students no 
time to reflect on and discuss the content underlying their drawings. Hence, instruction should 
support reflection by allotting class time and providing support to help students process the 
content shown in their drawings. For example, explicit prompts can ask students to reflect on 
their drawings with peers so that they refine drawings to learn content and solve the given 
problem (Backhouse et al. 2017; de Vries 2006; Wagner et al. 2017). 

In sum, drawing activities that focus on disciplinary discourse should target specific goals 
that help students participate in and contribute to their STEM community. Instructional support 
should focus on helping students engage with others in their community and address specific 
disciplinary problems. 


Drawing Activities that Engage Students with Drawings 


In the middle of the spectrum between cognitive and sociocultural theories, research on mental 
model integration, spatial cognition, and mediated discourse focuses on how students learn 
content by engaging with their drawings. From this work, we identified three recommenda- 
tions for the design of drawing activities. 

First, research on spatial cognition suggests that drawing activities are effective if they 
target specific types of structural relations that complement the content or instructional mode 
(e.g., static images vs. dynamic animations). For example, if the goal is to learn temporal 
relations from an animation (e.g., movement and change in visual features over time), drawing 
activities may not help students because static drawings do not allow students to easily depict 
dynamic temporal relations (Ploetzner and Fillisch 2017). Rather, learning about such temporal 
relations may be best supported by instructional activities that animate students’ drawings 
using technologies (e.g., Chang et al. 2014; Wilkerson-Jerde et al. 2015). By contrast, if the 
goal is to learn causal relations from the animation (e.g., how visual features separate and 
recombine over time), drawing activities may be effective if they ask students to draw 
explanatory snapshots of an object in motion that clarify these causal relationships (Mason 
et al. 2013). Prior work has found that drawing activities were ineffective when designed to 
match a specific type of content (e.g., 2D vs. 3D representations) (Ploetzner and Fillisch 2017; 
Wagner et al. 2017). Our review suggests that, instead, instructors should focus on the targeted 
structural relations of the to-be-learned content and design drawing activities to facilitate 
learning of these relations. For instance, drawing activities are particularly suited for 
learning visual, spatial, and causal relations. Leopold and Leutner (2012) conducted 2 x 2 
experiments that compare a drawing strategy (yes vs. no) and text-based strategies (yes vs. no) 
of main idea selection and summarizing. They found that drawing was more effective than the 
text-based strategies in fostering comprehension of a scientific text about chemical structure 
and function of water molecules. However, because prior research has not focused on 
structural relations, more research is needed to test the effects of targeting different types of 
structural relations in drawing activities. 

Second, to help students draw the targeted structural relations, instructional support should 
reduce irrelevant visual features and emphasize relevant structural relations. For instance, 
when students learn about the location of electrons (spatial relations), drawing activities should 
instruct students to draw each electron in relation to one another. However, when students 
learn about how electrons bond to form molecules (causal relations), drawing activities should 
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provide the location of electrons and ask students to draw arrows to connect the electrons. 
Further, much prior research shows that instructional support should involve feedback on 
drawings to help students generate relevant visual cues and make inferences about concepts 
shown in their drawings (de Koning et al. 2010; diSessa 2004; Glogger-Frey et al. 2015). 
Students may lack the necessary knowledge to engage in bottom-up and top-down processes 
when they draw (Suwa et al. 2001; Uttal and O’Doherty 2008). Because they are novices 
learning the content, they may not know which features are relevant and how to relate them to 
one another. One example of such an instructional support system is CogSketch, a technology 
designed to assess visual and structural elements of students’ drawings. Students label features 
as relevant concepts and CogSketch perceptually matches the labeled concepts in students’ 
drawings to an instructor’s drawing that contains the relevant features and structural relations 
(Forbus et al. 2011, 2017). Such novel technologies may help determine when students are not 
engaging productively with structural relations and provide feedback on how to use their 
drawings. Another way to help students focus on structural relations is to productively 
constrain how students draw by specifying what disciplinary drawing conventions to use 
(Prain and Tytler 2012). Research on mediated discourse suggests that drawing activities 
should focus students’ attention on conventions of the given STEM discipline (Danish and 
Enyedy 2006). Some studies show that drawing activities that ask students to use conventions 
are more effective than drawing activities without guidance on which conventions to use 
(Forbus et al. 2017). If content is presented without conventions, students may generate 
ambiguous drawings, which are difficult for students to discuss with peers and for instructors 
to assess students’ learning progress (Forbus et al. 2011, 2017). Therefore, to facilitate 
students’ participation in STEM discourse, drawing activities should specify what conventions 
students should use to draw or help them determine which disciplinary conventions to use 
within their community (Danish and Enyedy 2006). 

Third, prior research on mental model integration and mediated discourse suggests that 
drawing activities should ask students to generate multiple drawings. STEM professionals 
often generate multiple drawings rapidly and thus prior research on mediated discourse 
suggests providing more opportunities for students to draw and develop freehand or digital 
drawing skills (de Vere et al. 2011; Uziak and Fang 2017). With the advent of technologies 
such as CAD in engineering and modeling software in the sciences, some undergraduate 
curricula have further reduced the use of freehand drawing in their courses (Quillin and 
Thomas 2015; Uziak and Fang 2017). Without opportunities to practice drawing skills, 
students may not develop important skills that allow them to participate in their community 
as STEM professionals (Arcavi 2003; Frankel 2005; Johri et al. 2013; Ullman et al. 1990). 
Hence, much research suggests that instructors should design drawing activities to help 
students practice rapid and flexible drawing skills (de Vere et al. 2011) or ask them to generate 
multiple drawings (Cooper et al. 2017; Lehrer and Schauble 2003; Schank and Kozma 2002). 
One study showed that the number of drawings that students construct positively correlates 
with higher quality drawings and deeper understanding of content (Schank and Kozma 2002). 
Further, an experiment comparing different numbers of drawing prompts showed that drawing 
activities enhanced content knowledge and drawing quality, if prompts initially ask students to 
externalize their mental models followed by repeated prompts to revise their drawings and 
integrate new content into their mental models (Wu and Rau 2018). Hence, providing repeated 
drawing prompts may help students draw more frequently, revise their drawings to align with 
content, and thereby engage in the drawing practices of STEM professionals (Wu and Rau 
2018; Prain and Tytler 2012). 


DQ Springer 


Educational Psychology Review 


In sum, drawing activities that focus on drawings should target specific structural relations 
and encourage students to generate multiple drawings. Instructional support should provide 
guidance on how students construct and use their drawings as well as opportunities for 
students to develop drawing skills. 


Summary of Instructional Design Recommendations 


Prior research has proposed instructional design recommendations that focus on different 
aspects of the drawing task. Specifically, they focus on engaging students with mental models, 
disciplinary discourse, and drawings. Recommendations that focus on mental models provide 
instructional support that helps students engage with content or reflect on their mental models. 
Recommendations that focus on disciplinary discourse provide instructional support that helps 
students engage with their learning community and use drawings as professionals do. Rec- 
ommendations that focus on drawings provide instructional support that helps students use 
their drawings as a learning tool and focus on relevant structural relations. All recommenda- 
tions aim to help students better engage with content through drawing activities and further 
engage students with their mental models, disciplinary discourse, or drawings. 

At a broad level, our review of the recommendations shows some overlap in the 
goals of instructional designs for drawing activities. Specifically, most research pro- 
poses that drawing activities should (1) increase student engagement with relevant 
content through instructional design and (2) decrease or constrain irrelevant demands 
of the drawing task through instructional supports. First, to increase engagement with 
content, drawing activities should align with the targeted content and disciplinary 
practices. Further, they should help students externalize and manipulate the content in 
a visual-spatial form. This engagement with content helps students revise their mental 
models, learn how to use their drawings, and participate in the drawing practices of 
STEM professionals (Avgerinou and Pettersson 2011; Kirsh 2010; Palmer 1978; Pinker 
1990). Second, because novice students may struggle to identify which features are 
relevant and how to use their drawings to engage with content, drawing activities 
should focus students on specific types of content, structural relations, or disciplinary 
practices by reducing extraneous features and constraining students’ attention to spe- 
cific aspects of the drawing task that are relevant for their given discipline and context. 
Instructional support can also help students identify relevant features and develop 
drawing skills through continuous feedback or explicit prompts to construct and reflect 
on drawings. Students may not use their drawings to clarify, organize, transform, or 
integrate the content without such support from peers, instructors, or educational 
technologies (Leenaars et al. 2013; Wilkerson-Jerde 2014). 


Discussion 


The goal of this article was to investigate how drawing activities help students learn STEM 
content. To this end, we reviewed prior research that has examined what learning processes 
effective drawing activities engage students in. We identified six distinct learning processes 
that have been studied in separate lines of work within the cognitive and sociocultural 
theoretical perspectives. Specifically, research from a cognitive perspective investigated how 
drawing activities engage students in (1) generative learning processes, (2) self-regulation 
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processes, (3) mental model integration processes, and (4) spatial cognition processes. Re- 
search from a sociocultural perspective focused on (5) mediated discourse processes and (6) 
disciplinary practices processes. Each learning process enhances specific types of learning 
outcomes that match how students engage with the content. In Table 1, we summarize our 
review of the learning processes in relation to the theoretical perspectives they align with and 
which learning outcomes they enhance. 

We describe each process separately because the processes have been investigated by 
separate lines of research and differ in terms of how they describe the nature and purpose of 
students’ engagement. However, we propose that the processes are interrelated in a “stacked” 
manner which reflects how prior research on drawing activities has investigated learning 
processes at different levels of analysis. Particularly, processes from the cognitive perspective 
analyze specific elements of the drawing activity to isolate the processes that enhance learning 
outcomes, while the sociocultural perspective analyzes drawing activities as a complex system. 
We propose that the processes from sociocultural perspectives supervene those from the 
cognitive perspectives. Further, within each perspective, processes with specific learning goals 
supervene other processes with broader goals. 

Because these processes have been examined separately, future research should verify 
whether the processes are related as proposed. Some work has begun to build theoretical 
frameworks that relate multiple learning processes. For instance, the CTDC from the 
cognitive perspective (Van Meter and Firetto 2013) has proposed that generative learning 
and self-regulation can be combined into a coherent theory in which self-regulation 
supervenes generative learning. Further, the RCA framework from the sociocultural 
perspective (Prain and Tytler 2012) proposes that disciplinary practices supervenes 


Table 1 A summary of six learning processes underlying how drawing helps students learn STEM content, 
organized by line of research, learning processes, and learning outcomes 


Theoretical Learning process 
perspective 
Cognitive Generative learning 
(Construct knowledge by 
translating content) 
Cognitive Self-regulation 
(Self-assess understanding of content to 
direct one’s interaction with content) 
Cognitive Mental model integration 
(Activate mental models and revise 
them to align with content) 
Cognitive Spatial cognition 
(Identify structural relations using 
top-down/bottom-up processes) 
Sociocultural Mediated discourse 
(Use disciplinary tools to represent 
and discuss content) 
Sociocultural Disciplinary practices 


(Transform content using drawings to 
solve problems or build knowledge 
in the discipline) 
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Learning outcomes 


* Learn visual-spatial STEM content 

* Enhance performance on higher-order and 
long-term assessments 

* Self-assess for what students least understand 
and self-regulate engagement with content 


* Increase self-assessment through externalizing 
mental models 

* Develop more sophisticated mental models 

+ Learn structural relations in visual-spatial 
STEM content 

* Develop meta-representational competencies 

* Adopt disciplinary conventions in drawings to 
participate in discourse with peers, instructors, 
or self 

* Increase proficiency in use of disciplinary 
conventions to engage with new content 

* Shift in drawings from concrete to abstract 
(scientific modeling) or from abstract to 
concrete (design practices) 

* Develop adaptive drawing practices 
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mediated discourse. However, we were unable to find sociocultural studies that examine 
both mediated discourse and disciplinary practices due to differences in research popu- 
lations and topics. Our framework of “stacked” learning processes is the first to define 
possible relationships across the theoretical perspectives. 

In line with our framework, we found considerable overlap across learning processes 
in regard to the recommendations for instructional design of drawing activities. Hence, 
we organized the instructional design recommendations in Table 2 by how they engage 
students with the content through different aspects of the drawing activity: mental 
models, disciplinary discourse, or drawings. Across the recommendations, we found 
further overlap in recommendations, as exemplified by the middle category that en- 
gages students with drawings, which suggests that drawing activities may be designed 
to engage students in multiple processes at the same time. For instance, activities that 
prompt students to draw an atom to solve a disciplinary problem (disciplinary practices) 
may help students self-assess their understanding about the components of an atom 
(self-regulation), map structural relations about the location of electrons (spatial cogni- 
tion), and abstract the structure of an atom in order to communicate about it with other 
community members (mediated discourse). To support these processes, instructors may 
provide supports that indicate what content to draw, prompt students to reflect on 
drawings during and after instruction, and provide peer interaction or instructor feed- 
back on the drawings (Cooper et al. 2017; Wagner et al. 2017). The multiple types of 
support focus on different aspects of students’ interaction with content such as how 
they process the content in relation to mental models, relate the content shown in 
drawings, and engage in disciplinary discourse about the content in their STEM 
community. Thus, drawing activities designed for multiple learning processes may serve 
complementary roles to help students learn STEM content. 


Implications for Research 


Our review reveals several opportunities for new lines of research. First, more work is 
needed to understand synergies among the different learning processes we identified. 
Some recent work has begun to combine multiple processes into coherent frameworks 


Table 2. A summary of instructional design recommendations, organized by targeted learning outcomes focused 
on mental models, drawings, and disciplinary practices 


To enhance... Instructional design 


Mental models + Increase constructive engagement with content 
* Decrease cognitive load 
* Ask students to compare mental models to expert drawings 
* Provide prompts throughout or alongside content 
Disciplinary discourse ¢ Support invention and revision process with individual and 
collaborative drawing phases 
* Focus students on the content and problem, not only the drawings 
Drawings * Targeted specific types of structural relations 
* Productively constrain drawing activities by reducing irrelevant 
cues, providing feedback, or specifying disciplinary conventions 
* Ask students to generate multiple drawings to practice 
and develop drawing skills 
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(Prain and Tytler 2012; Van Meter and Firetto 2013), but most prior research has 
focused on only one of the learning processes we described above. Consequently, we 
know little about whether and how drawing activities can be designed to engage 
students in multiple learning processes at the same time. Specifically, we need to 
investigate whether drawing activities that are designed to support one learning process 
may also support other learning processes, or whether different types of drawing 
activities are needed to optimally engage students in different learning processes. The 
drawing processes we identified may not be distinct, but a product of different lines of 
research examining similar processes. For instance, spatial cognition and mediated 
discourse both focus on the construction and meaning making of content shown in 
students’ drawings but these processes have been investigated in separate lines of work 
from the cognitive and sociocultural perspectives, respectively. Future research should 
investigate how best to integrate multiple learning processes to focus not only on 
mental models, drawings, and disciplinary discourse but also to examine how these 
processes relate to one another. 

Further, the development of drawing skills emerged as a focus across multiple lines of 
research. Hence, more research should investigate how various processes enhance one another 
in helping students develop drawing skills, such as meta-representational competencies. Prior 
research shows that students often fail to draw when appropriate for the given context and to 
engage with relevant content shown in their own drawings (Leenaars et al. 2013; Wilkerson- 
Jerde 2014). To address these issues, prior studies have reduced the demands of the drawing 
task through technology-based drag-and-drop interfaces to help students focus on relevant 
structural relations, rather than providing a blank page for students to draw all features 
(Schwamborn et al. 2011; Van Meter et al. 2006). However, research on spatial cognition 
and mediated discourse suggests that drawing skills may better help students learn content 
through the process and product of generating drawings (diSessa 2004). Such skills seem to 
support the work of STEM professionals who use drawings proficiently and thus may enhance 
students’ ability to engage with their mental models and in disciplinary discourse. Additional 
research should investigate the role of drawing skills and how best to help students develop 
them through drawing activities in various learning environments to prepare students for future 
engagement with drawings. 

Finally, more research should investigate how students develop drawing practices over 
time. Professionals differ significantly from novices in their ability to draw effectively to solve 
problems (Hay et al. 2013; Jee et al. 2014), yet it is unclear how STEM students develop these 
practices as they transition from novices to professionals (Johri et al. 2014; Prain and Tytler 
2012). A longitudinal study could help us understand their trajectories and to what extent 
drawing practices develop by discipline. For example, it is unclear whether undergraduate 
students, who typically take courses in multiple disciplines, develop drawing practices that 
span across disciplines or are discipline-specific. While we typically consider discourse 
practices to be discipline-specific, our review shows that certain developmental trajectories 
appear in multiple disciplines (e.g., moving from concrete to abstract drawings). To date, prior 
research on the development of drawing practices has mainly focused on novices (e.g., primary 
school students in a math class) or professionals in one given discipline (e.g., mathematicians). 
Additionally, studies tend to be short-term interventions within a specific context, which are 
difficult to synthesize. Thus, more research is needed on students’ trajectories from novices to 
professionals, especially among high-school and undergraduate students who prepare to 
pursue STEM careers (de Vere et al. 2011). 
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Implications for Instruction 


Our review also identified several implications for instructors who design drawing activities. 
First, instructors should carefully target specific /earning processes that map to specific 
learning outcomes. Each learning process differs in the specificity with which students engage 
with the drawing task and has consequences for how students engage with the content. For 
instance, if the goal is to help students understand the functional relations between the 
chambers of the heart from an animation, then drawing activities should engage students in 
spatial cognition in which students translate the animation into snapshots or scenes in a 
storyboard. To this end, drawing activities should help students identify the conceptually 
relevant features depicted in the animation (e.g., ask students to divide the animation into 
five scenes and write descriptions of functional relations for each scene) and provide 
scaffolds to help students draw the features for individual scenes (e.g., an empty comic 
strip with arrows connecting the five scenes or cutouts of different chambers of the heart 
for students to copy/paste). In order to help students enhance specific learning outcomes, 
the design of the drawing activity and level of support for this task should target the 
appropriate learning process. 

Further, instructors should consider potential tradeoffs of drawing activities, in light of the 
targeted learning outcomes. Drawing activities can increase mental effort and may require 
higher-order assessments of complex knowledge to identify students’ conceptual learning 
gains (Gadgil et al. 2012; Leutner and Schmeck 2014; Van Meter et al. 2006). Because 
drawing activities are difficult and time-consuming for students, drawing activities may not 
be appropriate unless they help students achieve specific targeted learning outcomes. An 
informal survey revealed that many undergraduate instructors do not consider why they 
include drawing activities, and particularly whether drawing activities serve as formative and 
summative assessment (Quillin and Thomas 2015). Formative drawing activities provide 
opportunities for students to receive feedback on their performance while they observe 
phenomena, relate visual features, and construct potential models. By contrast, summative 
drawing activities provide opportunities for students to reveal their mental model, record their 
observations, and communicate ideas clearly to others. If instructors use a type of summative 
drawing activity (e.g., an exam question that ask students to draw how certain molecules will 
bond), they should also design related types of formative drawing activities for students to 
practice drawing and receive feedback on the targeted content shown in drawings (e.g., 
practice problems in which they draw similar molecules and predict bonding behaviors). 

Finally, instructors should consider drawing as a practice that students develop over time, 
rather than an intuitive skill or assessment method. The literature on drawing activities 
emphasizes that students require continuous feedback and opportunities to practice drawing 
(de Vere et al. 2011; diSessa and Sherin 2000; Valanides et al. 2013). For instance, drawing 
activities for mediated discourse suggest providing iterative cycles of inventing and revising 
drawings within their learning community to learn disciplinary conventions and practices. In 
comparison to reading, writing, and speaking, drawing is rarely taught in STEM learning 
environments (Anning 1999; Quillin and Thomas 2015). Studies show that STEM instructors 
often do not explain how and why they choose specific ways of drawing content and how they 
make visual-spatial inferences in their drawings, although they often explain how they engage 
with verbal STEM content (Anning 1999; Valanides et al. 2013). As a result, many students do 
not know how to draw effectively as a learning strategy. Because the practice of drawing 
develops over time, students should receive multiple opportunities to draw with continued 
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guidance on what aspects of the content to draw (e.g., which structural relation), how to draw 
features (e.g., what disciplinary conventions to use), and how to engage with their drawings 
(e.g., when to reflect on drawings and revise them). 


Limitations and Future Directions 


Our review should be considered in light of the following limitations. First, we focused on the 
instructional design of drawing activities, not on the design of content-focused instructional 
materials. It is possible that content-focused materials can be tailored to better align with 
drawing activities. Because content-focused materials are typically designed to introduce 
students to disciplinary skills and practices, they may include complex and unintuitive 
conventions that students are not yet familiar with. Students may differ from professionals 
in how they engage with content and may therefore benefit from content-focused materials that 
are tailored to their developmental needs. Examining students’ drawings as they change 
throughout the curriculum is one way to provide insight into how content should be presented 
to better align with drawing activities. Further, different types of content-focused materials 
may affect how students engage in drawing activities. For instance, prior work has shown 
mixed results for drawing activities on learning content from dynamic visualizations (Ploetzner 
and Fillisch 2017; Wagner et al. 2017), but these mixed results may stem from the features of 
the content or the visualizations and whether they complement the use of drawing activities. 
Hence, more research is needed to understand how the design of content-focused materials 
may interact with the design of drawing activities. 

Second, we did not examine how differences between individual students affect how 
they engage with drawings. For instance, prior work shows that students’ age can affect 
learning from drawing activities (Leutner and Schmeck 2014; Van Joolingen et al. 2015). 
One study asked children of ages 7-15 to create drawings in an informal environment 
without instructional support and found that older children created more accurate draw- 
ings, but were less motivated to draw (Van Joolingen et al. 2015). It is likely that factors 
such as prior knowledge, prior experience with drawing, and motivation will affect 
students’ ability to engage with drawing. Hence, future research should examine the role 
of individual differences on drawing activities. 

Third, we focused on how drawing activities enhance STEM content knowledge and 
thus did not discuss how drawing may enhance other outcomes such as creativity, 
laboratory skills, and motor processes. Further, we did not investigate other related 
processes such as embodied cognition, which primarily explores the role of the body, 
and distributed cognition, which primarily explores the role of drawing as an extension of 
the mind. Such processes and outcomes may also contribute to students’ ability to learn 
STEM content knowledge and hence interact with the processes identified in this review. 
Thus, future work should investigate the research on broader processes and outcomes 
related to different types of drawing activities, and how these relate to the processes that 
enhance content knowledge. 

Fourth, we briefly reviewed the role of the context when discussing sociocultural theories, 
but an investigation of how context affects students’ learning from drawing was beyond the 
scope of this review. For example, prior research found that students engage with drawings 
differently when working individually versus collaboratively (Danish and Enyedy 2006). It is 
likely that even in controlled cognitive studies, factors in the context affected how students 
engage with content through drawing. Because drawing has not been at the focus of many 
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instructional interventions, more research is needed to understand how to foster a classroom 
culture that promotes drawing as a learning strategy (de Vere et al. 2011). Such cultures may 
exist in certain educational contexts and are likely places where drawing activities are 
investigated, but a thorough investigation is needed to understand how drawing activities have 
been implemented and what role the context plays in different learning environments. 

Fifth, in certain lines of research, we proposed instructional design recommenda- 
tions based on evidence from only a few studies, due to the lack of prior research on 
these types of drawing activities. For instance, we suggested activating students’ 
mental models and comparing them to an expert model in order to help students 
reflect on and revise their own mental models, based on one study (Gadgil et al. 
2012). We believe this recommendation is likely valid because other observational and 
interview studies also suggest asking students to activate and compare mental models 
to content (Valanides et al. 2013; Vosniadou 1994). However, more work is needed, 
particularly in the new lines of research (e.g., self-regulation), to provide evidence for 
the instructional design recommendations of drawing activities. 

Finally, as mentioned, our review suggests that the six learning processes we 
identified may not be distinct, but rather synergistic processes that have been inves- 
tigated in different lines of research. For instance, both generative learning and mental 
model integration involve integrating content with mental models. However, prior 
work on generative learning has not focused on confronting flawed mental models 
and work on mental model integration has not focused on cognitive activity. Alterna- 
tively, it is possible that these two processes are distinct in nature, which may explain 
the differences we found in learning outcomes (see Table 1). Future work should 
investigate how the learning processes from separate lines of research intersect and 
diverge. Such research would yield insights into how drawing activities may combine 
instructional designs to enhance different learning processes that yield complementary 
learning outcomes. 


Conclusion 


Our review reveals how drawing activities can help students learn STEM content. We 
show that drawing activities facilitate six distinct learning processes that enhance students’ 
engagement with content. We synthesized prior research on these learning processes in a 
framework to show how they build upon one another to facilitate different levels of 
engagement with content. The drawing activities are effective if implemented with in- 
structional support that targets specific goals of the drawing task. The findings yield 
insights for instructors and researchers on how best to design drawing activities that help 
students engage with STEM content. 

Our findings expand prior work by showing that focusing on /earning processes can reveal 
how students benefit from drawing activities. Prior work on the effectiveness of drawing 
activities has not connected the instructional design of drawing activities to learning processes 
and learning outcomes. Moreover, it has not investigated how learning processes overlap 
across different drawing activities. Therefore, we recommend that future work should explic- 
itly consider what learning process(es) drawing activities foster. Such work will further provide 
theoretical insights into the effects of drawing activities and empirical evidence that connect 
instructional design and learning outcomes. 


DQ Springer 


Educational Psychology Review 


Our review is timely for the educational psychology community. Over the past 
years, research on drawing activities has been increasing (Ainsworth et al. 2011; 
Tippett 2016), but separate lines of research have focused on different learning 
processes and outcomes. Our review paves the road toward a synthesis across these 
lines of research, which will help us better understand when, how, and why drawing 
activities are effective (or ineffective) for students’ learning. Given that drawing 
activities play a major role in helping both STEM professionals and students construct 
knowledge in STEM to advance the field, we anticipate that such research will have 
significant impact on educational practices. Helping students use drawing as a learning 
strategy will help prepare them not only to make sense of content but also to 
participate in disciplinary practices for thinking, problem-solving, and communicating 
in the STEM fields. 
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